. Each treatment was replicated twice, i.e. two 'mono-culture' 156 plots of each genotype. Plant genotypes were randomly allocated to the plots and planted at least 10 157 days before measurements started, to achieve 100% of coverage (or in the case of Sempervivum 80%, 158 due to the small size of the plants). The Sedum mix mat was cut to fit the plot with the underneath 159 membrane removed, to ensure direct contact with the substrate. 160
Two of the frames were left with just bare substrate so that plant canopies could be compared to an 161 unplanted 'control' surface. A layer of bare substrate was used instead of a rigid inert surface, as it has 162 similar hydraulic (i.e. in relation to water retention and transfer) and thermal properties to the 163 substrate layers located below the plant canopies. 164
In 2013, two additional timber frames were constructed and a new treatment was added. These vacant 165 plots were planted with shorter specimens of Salvia, where shoot tips were pinched out to promote a 166 bushier, lower habit. Consequently, in 2013, Salvias planted in that year were approximately half the 167 height of Salvias planted in 2012; these treatments were used to assess the effect of canopy height on 168 the variables studied. 169
Plots and surrounding areas were kept weed free, and any emerging flower heads removed from the 170 plants to ensure that only the leaf canopy effect was accounted for (flower heads only accounted for a 171 very small area). 172
Environmental and temperature measurements, described in Table 1 , represent mean values over a 10 173 minute period (averaged from measurements made every 10 seconds). Sensors (full list in Table 1 ) 174 were attached to DL2e loggers (Delta-T Devices Ltd., Cambridge, UK) and a DataHog2 logger (Skye 175 Instruments Ltd., Llandrindod Wells, UK), which were covered by well-ventilated white plastic boxes 176 to protect from intense radiation. In addition, incoming long-wave radiation (Li) and wind speed (Uz,) 177 at 2 m from the ground were monitored at the University's meteorological station, located 600 m from 178 the experimental plots.
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Leaf temperature, Ts, was measured using thermocouples (Table 1, Figure 2 ) attached to the underside 180 of individual leaves mostly with a plastic paper clip [33] thus ensuring the thermocouple was located 181 within the leaf boundary layer (i.e. the air layer in contact with the leaf surface). For succulent and 182
Stachys leaves, which are small or easily broken, thermocouples were attached by threading [34] . In 183 all cases, selected leaves were young, exposed and fully expanded, and located in the upper layer of 184 the canopy. In 2013, plant coverage of yellow Heuchera was reduced to < 50% due to winter losses, 185 thus one of the thermocouples within each plot with yellow Heuchera was used to measure leaf 186 temperature whilst the other was used to measure substrate temperature. 187
Thermocouples and thermistors were calibrated at the start of each experimental season in a hot water 188 bath and were measuring within 0.30 o C of each other. 189
The instantaneous measurements of plant and substrate parameters/variables carried out over the 190 course of the experiment (i.e. substrate moisture, SMC; leaf stomatal conductance, gs; albedo, α; 191 spectral reflectance; leaf area index, LAI and canopy height, h) are described in Table 2 (also see 192 Figure 2 ). In addition to the discrete measurements (Table 2) , SMC was also continuously recorded 193 hourly on four randomly selected plots, with SM200 sensors (Delta-T Devices Ltd., Cambridge, UK). 194
Both the discrete and continuous SMC measurements were used to estimate continuous SMC 195 variations in each treatment, information needed to estimate substrate heat flux and to guide irrigation 196
requirements. 197
Leaf emissivity, ε, which plays an important role in net radiation calculation via the outgoing long-198 wave radiation term, was determined in a laboratory test in 2012. Four leaves from each genotype 199 were evaluated, except for Sempervivum where the shape of its leaves prohibited the measurement. 200
For each leaf, ε was calculated based on the temperatures extracted from a thermal image, recorded 201 with an infrared imaging camera FLIR i5 (FLIR Systems UK, West Malling, UK) whilst the leaf was 202 floating in a well-stirred water bath [35] . In all cases, ε was around 0.97. The fact that all leaf 203 emissivities were similar suggests that any differences in Ts between genotypes which we 204 subsequently determined were caused by differences in α, gs and/or leaf traits that affect aerodynamic 205 transfer. 206
[Insert Table 1, Table 2 and Figure 2 ] 207
Watering requirements 208
In both summers, all plots, including the bare ones, were manually irrigated whenever a plot ' 
Calculation of the outgoing long-wave radiation and surface energy balance 220
Net radiation, outgoing long-wave radiation and heat fluxes were calculated for every 10 minutes and 221 averaged hourly. Net radiation, Rn, was calculated as: 222
where Si and Li are the short-wave and long-wave radiation received by the surface, and So and Lo are 224 the short-wave and long-wave radiation reflected and emitted by the surface. 225
At night, So was assumed to be 0 W m -2 . 226
Continuous daytime So values were not available, but representative estimates of albedo, α, were 227 obtained (see Table 2 ) to derive So. Using these data, between 10:00-16:00 h, So was calculated as: 228
Between 06:00-10:00 h and 16:00-20:00 h, α was either assumed to be equal to the mean α values 230 between 10:00-16:00 h (when mean Si < 200 W m 2 ), or assumed to increase linearly with a decreasing 231 sun angle (when mean Si > 200 W m 2 ) [37] . Based on values presented by Monteith and Szeicz [37] , 232 during sunny periods, maximum α (at 06:00 or 20:00 h) was set to a value that was 0.05 higher than 233 the mean α for the period between 10:00-16:00 h for canopies, or to 0.03 for bare substrate. 234
Lo was calculated according to Stefan-Boltzmann's law: 235 
where Ta is the air temperature recorded at 2 m from the ground, ρa is the air density, Cp is the air 243 specific heat and ra is the aerodynamic resistance, calculated as: 244
where z is the height of wind and temperature measurements, d is the zero plane displacement height, 246 zom is the surface roughness length for momentum transfer, zoh is the surface roughness length for heat 247 and vapour transfer, k is the von Karman's constant (0.41) and Uz is the wind speed. In this equation 248 the effect of atmospheric stability has been neglected as this effect is relatively small. 249
Roughness parameters d, zom and zoh were calculated as a function of surface cover height: 250
The height of bare substrate was set to 0.01 m, leading to a zom for bare substrate of 0.001 m [39] . 254
Substrate heat flux, G, was estimated by Fourier's law: 255 , between 20:00-24:00 h, when the effect of the UHI is highest [1] . 285
Data from each selected group/period were analysed using residual maximum likelihood (REML) 286 analysis. All p-values presented in this paper were extracted from each REML analysis and an 287 estimated LSD, as per Andrist-Rangel et al. [40] , was used to assess treatment differences. As means 288 considered were based on a number of days (and hours within a day), this should have mostly reduced 289 errors associated with the measurements/calculations. 
Plant structure 301
Of the genotypes tested, Salvia planted in 2012 was the tallest (Table 3 ) with a high LAI recorded in 302 both years. The specimens of this species planted in 2013 were shorter, but also had relatively high 303 LAI values. Sempervivum and Sedum had the shortest stature with relatively low LAI, although the 304 LAI of Sempervivum increased between the two years (Table 3 ). In contrast, both Stachys and yellow 305
Heuchera plots had lower LAI in the second year compared to the first. In plots with yellow 306
Heuchera, the LAI reduction between 2012 and 2013 was particularly dramatic; this was due to many 307 plants perishing during winter. By 2013, the yellow Heuchera plots had the lowest LAI (Table 3) . 308 14
Short-wave reflectance (albedo, α, and spectral reflectance) 309
The α of most plant plots remained unaltered throughout the two-year period (Table 3 ). There was, 310 however, a marked reduction in α of yellow Heuchera plots, with its 2012 value of 0.27 falling to 0.14 311 in 2013. Again, this is the result of the severe reduction in plant cover, which left bare substrate, with 312 its lower α, in particular when wet, exposed. The α of Sempervivum plots was also slightly altered 313 from 2012 to 2013, increasing from 0.14 to 0.17 (Table 3) , as in 2013 Sempervivum plants were 314 covering the substrate fully. In uncovered plots, the average α was lower in 2012 than in 2013 (Table  315 3), probably due to small SMC differences during the days when α was measured. 316
An evaluation of spectral reflectance (in the short-wave spectrum) in 2012 showed that the yellow 317
Heuchera plants reflected more radiation than other canopies in the visible wavelengths whilst the 318 purple Heuchera plants reflected less (400-700 nm; Figure 3 ). At longer wavelengths (700 to 1250 319 nm; the near infrared region), reflectance was generally greater; differences between genotypes were 320 more spread in these wavelengths than in the visible spectrum, where only Heucheras plants had 321 different reflectance (Figure 3 ). Bare substrate on average reflected less radiation than the plants 322 throughout most of the short-wave spectrum; however, in the visible part of the spectrum, bare 323 substrate reflected more than purple Heuchera plants. Heuchera plots between 12:00-16:00 h were up by 4 o C and 5% (or ~25 W m -2 ), respectively, 347 compared to plots with Salvia and Stachys (Figures 5b and d) . 348
Between 20:00-24:00 h, differences in Ts and Lo among treatments, while statistically significant in 349 2013 (p<0.001, data not shown), were within 2 o C or ~10 W m -2 . As expected, as a result of a lack of 350 short-wave radiation and transpiration during night-time, Ts and Lo differences between the species 351 were much smaller than during the day. Similar behaviour should be observed for these plants if they 352 were installed on green roofs. 353
Energy balance 354

Net radiation (Rn) 355
Differences in Rn between treatments were generally less pronounced than the Lo differences. This 356 was due to the small α differences between most plant treatments (Table 3) , which resulted in small 357 differences in So (data not shown), that counterbalanced the Lo differences. In 2012, Rn differences 358 between treatments were not significant (p=0.137, Figure 6a ). In contrast, in 2013, Rn differences 359 were larger between 11:00-15:00 h, with Sempervivum plots having significantly lower mean Rn 360 (11%) than plots with Stachys and Sedum (p<0.001, Figure 6b) . 361
Sensible heat flux (H) 362
Despite clear differences between most curves being visible in Figs 6c and 6d, treatments had no 363 overall significant effect on H between 11:00-15:00 h in 2012 (p=0.308, Figure 6c ). However, H 364 differences were statistically significant in 2013 (p<0.001, Figure 6d ). Stachys and Salvia had lowest 365 H values during daylight hours, whereas Sempervivum and purple Heuchera had the highest. 366
Substrate heat flux (G) and substrate insulation potential 367
Between 11:00-15:00 h, G was significantly different between treatments for both years (p<0.001, 368
Figures 6e and f). Greatest G values were associated with the bare substrate. During 2013 (Figure 6f) , 369 the plots with yellow Heuchera, Sempervivum and Sedum had high daytime G, in comparison to plots 370 covered by other canopies. Therefore, in terms of substrate insulation potential, which we defined as 371 the reduction in (surface) ground heat flux by vegetation cover compared to bare substrate, Heuchera, 372
Sempervivum and Sedum had the lowest potential and the other (non-succulent) species the highest. 373
Latent heat flux (LE) 374
Despite noticeable differences in LE being apparent for a number of treatments between 11:00-15:00 375 h in 2012 (p=0.071, Figure 6g ), they were only statistically significant in 2013 (p<0.001, Figure 6h) . 376 This is largely caused by the fact that these curves are based on hourly averages for 10 (year 2012) 377 and 9 (year 2013) days, respectively, so that there will be a relatively large standard deviation (not 378 shown in plots, but influencing the p-values) for each hour, for each treatment. In 2013 in particular, 379 the overall differences in H and G between treatments led to Salvia and Stachys plots having a 380 significantly greater LE (as derived from Eq. 10) than plots with Sempervivum, bare substrate and 381 both Heucheras. 382
[Insert Figure 5 ] 383
Overall ranking in daytime energy fluxes 384
For the most part, differences between treatments tended to be more significant in 2013, reflecting 385 increased canopy maturity and hence increased substrate coverage. The exception was yellow 386
Heuchera, where the winter deaths of plants increased the proportion of bare substrate in the plots, 387 with subsequent effects on the plots' thermodynamic behaviour. 388
Overall, Salvia and Stachys had proportionally low values of H and G; and conversely, high values of 389 LE. The opposite was true for bare substrate and Sempervivum. As a consequence, the partitioning of 390
Rn into the different heat fluxes differed between treatments. In 2013, for example, the amount of Rn 391 used for H, G and LE between 11:00-15:00 h in Salvia plots planted in 2012 was respectively on 392 average 0%, 3% and 96% whilst for Sempervivum plots, those percentages were respectively 25%, 393 18% and 57% (Table 4) 
Sempervivum, purple Heuchera plots had one of the lowest diurnal G in 2013. In the second year, 396
purple Heuchera plots had on average a ~65 W m -2 reduction in G, compared to Sempervivum plots 397 (Figure 6f ). Consequently, in 2013, the amount of Rn used for G in plots with purple Heuchera was on 398 average 15% lower than in those with Sempervivum, and so in purple Heuchera plots, this extra 399 amount of energy received was instead mainly released as LE (Table 4) . 400
In 2012, yellow Heuchera plots showed some of the lowest H and G and highest LE between 11:00-401
15:00 h, data similar to Salvia and Stachys (Figures 6c, e, g (Figures 6d,f,h ). Therefore, in 2013 the percentage of Rn 404 used for H, G and LE in yellow Heuchera plots differed on average by +14%, +15% and -29%, 405 respectively, from the percentages allocated for H, G and LE in plots with Salvia (Table 4) . (Figures 6e and f) . For example, in 2013, G between 11:00-15:00 h was on average up to ~45 W m -2 410 greater in Sedum plots than in Salvia plots. This contributed to a 9% increase in the amount of Rn used 411
for G in plots with Sedum, compared to those with Salvia planted in 2012. Accordingly, the energy 412 used by Sedum plots for LE was reduced on average by 20%, compared to Salvia plots in that year 413 (Table 4) . 414
Overall ranking in night-time energy fluxes 415
At night, (20:00-24:00 h), there were no significant treatment differences in LE (p>0. 
Differences in summertime environmental cooling and substrate insulation potential between 441 treatments during the warmest period of the day 442
Canopies formed by non-succulent, light-coloured plants with high gs (Figure 3 ) and high LAI (e.g. 443
Salvia, regardless of its canopy height, and Stachys) showed the greatest potential for daytime 444 environmental cooling. This was evident in the lowest surface temperatures, and related lowest Lo and 445 H (Figure 5 and 6 ) and in the highest LE values for plots with these species (Figure 6 ). These canopies 446 also showed the greatest potential to offer more substrate insulation in hot periods, by having the 447 lowest G (Figure 6 ). In contrast, succulent plants with low gs and extremely thick leaves (e.g. 448
Sempervivum) showed the lowest substrate insulation potential, and offered no environmental cooling 449 service compared to bare substrate. A thin layer of substrate can in itself offer more thermal insulation 450 to roofs than common standard roof materials [43] and has significantly lower daytime surface 451 temperatures than materials such as concrete, gravel or black membrane [11] . As such, the use of 452 plants which offer greater reduction in substrate heat flux, heat-deflecting and evapotranspiration 453 potential than bare substrate is likely to considerably improve the cooling performance of a roof 454 surface compared to conventional roof systems during the summer months. Consequently, if 455 occasional irrigation (even in climates such as that of the UK/northern Europe where summer rainfall 456 is fairly regular) is supplied such that Salvia, Stachys and species with similar traits can thrive on a 457 roof environment, then their (and similar) canopies could be ideal candidates in helping reduce the 458 heat load to buildings and perhaps the negative effects of the UHI at a local scale. Due to the small 459 size of the plots used in this study and a number of other confounding factors, including typical air 460 movement characteristics around the building envelope, the implications of these differences cannot 461 yet be assessed at the building and urban scales. However, this could be a subject for follow-on 462 empirical evaluations, where these data could be used to provide more accurate plant-based 463 parameters within existing urban heat models (see Conclusions). Salvia compared to plots with Sedum. Although these findings need to be confirmed at the building 500 scale, they indicate that plants such as Salvia would be better suited than Sedum carpets to be used in 501 green roofs where reducing the building heat load in the summer is a priority. 502
Main plant traits linked to cooling of the surrounding environment and substrate insulation 503 during the day 504
Lo, H and LE are dependent on surface temperatures but also influence the surface temperatures 505 themselves. Consequently, those plant traits that contribute most to lowering leaf temperatures during 506 hot periods also play the largest role in reducing the Lo and H and increasing the LE release into their 507 surroundings, hence leading to enhanced environmental cooling. Based on our findings [see also 20], 508 it can be suggested that there are a number of specific traits that are key for the reduction of heat 509 release into the environment. They include high values of gs, high LAI, light leaf colour and low 510 values of leaf thickness. Additionally, as shown by this study and by indirect evidence from other 511 studies [e.g. 29], some of these traits also ensure the largest reduction in G, and so the highest ability 512 to potentially provide summertime substrate insulation; (i) in particular high LAI, through increased 513 shading, and (ii) high gs, by reducing the energy available for G, as a result of large LE. 514
Differences in night-time cooling/insulation potential between treatments 515
Although night-time surface temperatures and heat flux differences were less pronounced than during 516 the day, surface temperatures for Salvia, Purple Heuchera and Stachys between 20:00-24:00 h were 517 22 still significantly lower than for bare substrate or Sempervivum. This indicates that the environmental 518 cooling potentially offered by canopies such as Salvia and Stachys during the day may extend to the 519 early night period. 520
In contrast, at night during the summer, bare substrate allowed more heat to be released (Figure 6e  521 and f) from the substrate layer than the majority of vegetated plots. This inevitably suggests that if the 522 canopies studied were covering a rooftop, less heat would escape the building at night under green 523 roof vegetation, leading to reduced regulation of temperatures inside the building during hot nights. 524
However, semi-extensive roofs -for which the plants we studied would be suitable -are more likely 525 to be deployed on commercial buildings, where daytime temperatures are the main issue. We 526 therefore argue that there is an overall summer insulation benefit to using vegetation. 527
Research limitations 528
The heat fluxes calculated within this study, particularly LE which was derived from other 529 estimations, may be subject to errors linked to the data collection or the assumptions made during the 530 calculations. A potential shortcoming of the results we reported may be linked with the fact that an 531 explicit advective term (i.e. characterized by the horizontal divergence of H, when H is negative and 532 large enough that a downward H is produced at the ground during the daytime [36,45]) was not 533 included in the energy balance calculations. Instead, advection is implicitly embedded in the LE 534 estimation. To test whether the relative differences among the latent fluxes for the different plant 535 species would remain once an advective term was taken into consideration, further calculations were 536 carried out based on the (micro) advection theory and equations provided in [36] (data not shown). 537
Comparisons between both LE estimations revealed some differences in the absolute flux values but 538 not in the ranking of Salvia, Stachys and Sedum (Sempervivum and bare substrate were excluded as 539 we did not have surface resistances required to calculate the advective LE term). 540
Another point to consider is the fact that air will gradually change its properties to achieve a new 541 equilibrium when flowing over a (vegetated) surface, and so non-equilibrium conditions were likely 542 for our small experimental surfaces. Furthermore, small plots such as the ones used here are prone to 543 edge effects [46] . If the air arriving at the edge of the plot is drier and warmer than the air that would 544 23 be in equilibrium with a similarly vegetated plot of sufficient size, then the horizontal transport of heat 545 may overwhelm any local effects of evaporative cooling. Energy exchanges identified in small plots 546 may not therefore be entirely representative of those observed in real life situations [36] . 547
Other potential sources of error lay with the measurements themselves. One example is seen in the 548 wind speed measurements, used in the estimation of H via ra. Here wind speed values from the 549 University of Reading's registered meteorological station (approx. 600 m away from the experimental 550 plots) were used, rather than the data from the somewhat less sophisticated weather station at the 551 experimental plots. The University meteorological station is located in a more exposed area than the 552 experimental plots, so although wind speeds at both sites were broadly in agreement, wind speeds at 553 the meteorological station were slightly higher. Any errors due to an overestimation of wind speed 554 were, however, equally applied to all treatments. In addition, any inaccuracies in other measurements 555 due to limited instrument precision may also have resulted in other slight under/overestimations. precision error). However, we suggest that the overall differences in surface temperatures and fluxes 562 between treatments were large enough to indicate that different canopies will have different substrate 563 insulation and environmental cooling ability. 564
We therefore argue that although most limitations we outlined will have had some influence on the 565 absolute flux values, they did not change the relative differences between treatments on which our 566 conclusions are based. 567
Conclusions 568
Climate change predictions suggest that heat waves will increase in frequency and intensity in the 569 future, so the summertime temperature regulation provided by plants on green roofs, and indeed 570 elsewhere, green walls, street trees etc. [47] , will become increasingly valuable. This study indicates 571 24 that different types of plants significantly differ in their cooling and insulation benefits during hot 572 periods, when it is most needed. Our results suggest that plants such as Salvia and Stachys, which 573 possess key traits required for a reduction in Lo, H and G and an increase in LE (i.e. have typically 574
high gs when sufficiently watered, high LAI, leaves with light leaf colour and reflective, and thin 575 leaves) may have an important role to play a role in cooling the surrounding environment and 576 improving the daytime thermal insulation of buildings in the summer, and thus should be given more 577 consideration when planning green roof plant communities. 578
Looking ahead, the implications for the energy consumption of buildings and for the overall 579 temperatures in the urban environment of using the studied plant species on green roofs still need to 580 be assessed. It is well known that typical green roof interventions have the potential to reduce heat 581 entering buildings and reduce the energy used to regulate internal building temperatures in the 582 summer, although recently the unequivocal thermal benefits of green roofs have been challenged, for 583 example by [13] . Notwithstanding, on the basis of our study we hypothesise that plants such as Salvia 584
and Stachys, which offer added substrate insulation potential during the day in the summer compared 585 to typical green roof cover, could lead to a considerable decrease in the heat gained by a building 586 during that period, when covering its roof. An extrapolation of these preliminary findings to total 587 savings in the energy consumed by a building would need to account also for the winter effects, the 588 local climate and the building construction, among other aspects. This hypothesis needs therefore to 589 be confirmed by a broader-scale evaluation. Models such as EnergyPlus have been developed to 590 predict energy consumptions in buildings. These models have been used to test the performance of 591 green roofs based on the parameterisation of substrate and plant characteristics, such as substrate 592 thermal properties, substrate depth, gs, h, LAI and α [13, 48] . Now that we have collected a detailed set 593 of plant parameters for a range of contrasting canopies, we propose that future research could use 594 available models to investigate the level of such savings for buildings under a range of climate 595
conditions. Furthermore, a number of models are available to study the impact of greening on the 596 microclimate within the urban environment (e.g. ENVI-met, [49] ) and, using our data, these could be 597 25 used next to assess the green roof area necessary to make a significant impact on air temperatures at a 598 city scale, initially in a temperate climate. 599
Based on the evidence we collected, we argue that new urban planning policies should take much 600 greater consideration of plant choice, when attempting to maximise ecosystem services provision. Not 601 all components of green infrastructure provide the same benefits, and plant genotype choice within 602 this infrastructure, can strongly determine the type and level of benefits provided. This paper deals 603 with green roof scenarios, but we are aware of parallel work on trees which suggests that some 604 species have four times the cooling potential of others [50] . This paper challenges the notion that 605
Sedum and other succulents commonly used on green roofs are able to provide a viable summer 606 cooling and insulating benefit, and suggests that alternative species, with greater functionality, are 607 preferable. This involves providing these new genotypes with adequate 'support' systems (e.g. In the centre of each plot, from substrate to the tip of the highest leaf 
